Dictyostelium discoideum is a useful model for studying mechanisms of cisplatin drug sensitivity. Our previous findings, that mutations in sphingolipid metabolism genes confer cisplatin resistance in D. discoideum and in human cells, raised interest in the resistance mechanisms and their implications for cisplatin chemotherapy. Here we used expression microarrays to monitor physiological changes and to identify pathways that are affected by cisplatin treatment of D. discoideum. We found >400 genes whose regulation was altered by cisplatin treatment of wild-type cells, including groups of genes that participate in cell proliferation and in nucleotide and protein metabolism, showing that the cisplatin response is orderly and multifaceted. Transcriptional profiling of two isogenic cisplatin-resistant mutants, impaired in different sphingolipid metabolism steps, showed that the effect of cisplatin treatment was greater than the effect of the mutations, indicating that cisplatin resistance in the mutants is due to specific abilities to overcome the drug effects rather than to general drug insensitivity. Nevertheless, the mutants exhibited significantly different responses to cisplatin compared with the parent, and >200 genes accounted for that difference. Mutations in five cisplatin response genes (sgkB, csbA, acbA, smlA, and atg8) resulted in altered drug sensitivity, implicating novel pathways in cisplatin response. Our data illustrate how modeling complex cellular responses to drugs in genetically stable and tractable systems can uncover new targets with the potential for improving chemotherapy.
D
ictyostelium discoideum is well known for studies of cell and developmental biology and is gaining interest as a model for studying human disease, including cancer (1) . A substantial body of work has accumulated using D. discoideum to identify genes and proteins associated with resistance to the anti-cancer drug cisplatin (2) .
Cisplatin [cis-diamminedichloroplatinum(II)] is used to treat a variety of solid tumors (3), but efficacy is often limited by drug resistance (4) . Studies in human tumor cells and cell lines have implicated a number of resistance mechanisms and demonstrated that resistance is multifaceted (5) .
D. discoideum provides a genetically tractable system to the problem of cisplatin resistance. It is a eukaryote with cellular properties similar to those of human cells (6) . Its genome is sequenced, and many genes are homologous to human genes (7) . Using insertional mutagenesis screens (8) , we isolated mutants with single gene disruptions that have decreased sensitivity to cisplatin (9) . One of these strains was null for the sphingosine-1-phosphate (S-1-P) lyase gene sglA, establishing the first link between sphingolipid metabolism and cisplatin sensitivity and defining S-1-P lyase as a potential target for controlling cisplatin sensitivity.
S-1-P synthesis is catalyzed by sphingosine kinase from sphingosine and ATP, and the S-1-P lyase degrades S-1-P to phosphoethanolamine and hexadecanal (10) . S-1-P is a signaling molecule that promotes cell growth and survival whereas ceramide, another bioactive sphingolipid in the same pathway, promotes cell death. The two lipids work as a rheostat (11, 12) in which their relative levels promote proliferation (high S-1-P) or death (high ceramide). It was proposed that modulating the activity of S-1-P synthesis or degradation enzymes would affect cisplatin sensitivity.
Further genetic, biochemical, and pharmacological studies in D. discoideum established a clear role for the S-1-P lyase and the sphingosine kinases in controlling cisplatin sensitivity. Cells overexpressing sphingosine kinase or null for S-1-P lyase are less sensitive to cisplatin, and cells null for sphingosine kinase or overexpressing S-1-P lyase are more sensitive to cisplatin. The change in sensitivity is specific to cisplatin and carboplatin (9, 13, 14) and is associated with the activation of MAP kinases and signal transduction pathways in human cells (11, 12) .
We have now extended these studies by transcriptional profiling of the cellular response to cisplatin in D. discoideum. Transcriptional profiling with cDNA microarrays can identify groups of genes whose expression is altered by experimental treatments. It is also used as a surrogate measure of cell physiology and to detect differences between mutant strains (15) (16) (17) (18) (19) (20) . The availability of two isogenic cisplatin-resistant strains with alterations in sphingolipid metabolism allowed us to compare the mutants' transcriptional responses to that of wildtype cells after cisplatin exposure and to understand how the mutations affected the response. We show that the transcription of a select number of genes is reproducibly altered after cisplatin treatment and that mutating some of the cisplatin response genes confers altered cisplatin sensitivity, defining new drug response pathways. The analysis of the responding genes in the mutants identified differential expression of cell proliferation genes, implicating sphingolipid metabolism in regulating cell proliferation after cisplatin treatment. Our results demonstrate the utility of genomic methods in D. discoideum to identify molecular pathways for studying drug resistance in cancer.
cell death (21, 22) . Studies in D. discoideum have shown that specific mutations can protect or sensitize cells to the cytotoxic effects of cisplatin, but not to other genotoxic agents (2, 9) . These findings suggest that the cellular response to cisplatin is regulated and reproducible. Transcriptional analysis with microarrays is an established indicator of cell physiology in D. discoideum (18, 19 ). Thus, we tested whether cisplatin causes orderly physiological changes by examining the transcriptional response of cells to cisplatin treatment. RNA samples from cells treated with or without cisplatin were collected (six biological replicates) and analyzed on a microarray (five technical replicates) containing most of the D. discoideum-expressed genes (19) . If the transcriptional response to cisplatin were robust and reproducible, one would expect to observe larger differences between the treated and untreated samples and smaller differences among the biological replicates. We calculated the Euclidean distances between the 12 RNA samples (six treated and six untreated) and found that all of the untreated samples were similar to each other and different from all of the treated samples (Fig. 1A) . The variation among the treated samples was not significantly different from the variation among the untreated samples. These results show that cisplatin induces a robust and reproducible transcriptional response, confirming the idea that cisplatin induces a regulated physiological response.
To identify which genes were differentially affected by the treatment, we performed an ANOVA, considering treatment, biological replication, and technical replication as factors. We also performed contrast analysis to find genes that had opposite expression patterns in the presence or absence of cisplatin. We then identified the overlap between the results of the two methods and found 472 genes whose expression was variable because of the cisplatin treatment (Fig. 1B) . The degree of confidence in this finding is high because of the large number of replicas (P Ͻ 0.05). Twenty-one of these genes were tested by RT-PCR, and 13 differed significantly between the treated and untreated samples (P Ͻ 0.05) [supporting information (SI) Tables 2 and 3] .
D. discoideum genes can be grouped into 17 expression modes based on their developmental expression patterns (15) . We examined the developmental regulation of 467 of the 472 genes in our published microarray data (19) using these modes. We found that 252 of the 467 cisplatin response genes are expressed in vegetative cells and in early stages of development and are down-regulated during later stages of development (modes 1-6), and 131 genes were developmentally up-regulated (modes 8-16) (SI Table 4 ). The vegetative modes 1 and 3 were significantly overrepresented among the cisplatin-responsive genes ( 2 test, P ϭ 1.48 ϫ 10 Ϫ7 and P ϭ 0.006, respectively) (SI Table 4 ).
Annotation Analysis. The correlation between an individual gene's expression and gene function is rather poor, but it is quite good for groups of genes (15, 16, 20, 23) . We therefore used GOAT, a computational tool for identifying groups of gene annotations that are overrepresented in expression profiles (23) , to analyze the 472 genes. We found overrepresentation of the cisplatin response genes in two major processes: nucleotide metabolism, including ribonucleotide, purine, NTP, and NMP metabolism (e.g., purB, C/E, D, and H), and protein metabolism, including translation and protein biosynthesis (e.g., many of the ribosomal protein large and small subunits; rpl and rps, respectively) ( Fig.  1C and SI Table 5 ). These results agree with functional findings from genetic screens in yeast (24, 25) , underscoring the confidence in both analyses.
Decreased Sensitivity to Cisplatin Caused by Perturbation of Specific Pathways Does Not Abolish the Overall Physiological Response to the
Drug. We tested whether cisplatin-resistant mutants would mount the stereotypical physiological drug response observed in wild-type The similarity between each sample and every other sample was determined by calculating the by-gene Euclidean distances between the samples, and the results are shown in a dendrogram that represents the distances between the replications. All of the microarray genes were used to calculate the distances (n ϭ 5,669). The vertical distance between leaves and joins represents the dissimilarity between them (scale bar on the left, arbitrary units). Red, untreated samples (0 M cisplatin); green, treated samples (300 M cisplatin). Confidence levels, calculated by bootstrap analysis, were Ն0.98 for each join. (B) The heat map represents a group of 472 genes that were expressed differently between the untreated and treated cells (ANOVA, P Ͻ 0.05, followed by contrast analysis). Each column represents a sample, either untreated (red) or treated (green) with cisplatin. Each row represents a gene. The rows are ranked according to the outcome of the contrast analysis to illustrate the differences caused by the treatment. Yellow, higher-than-average expression; blue, lower-than-average expression. (C) The 472 genes from B were GO-annotated, and the ''biological process'' annotation of significantly enriched groups is shown. The GO tree levels are shown as numbers to the left of the bars (ranging from 2 to 9). The table indicates the number of genes in each group (List), genes with that annotation on the entire array (Total), the P value, and the annotation. Bar lengths represent the fold enrichment (scale: x axis). Annotation subgroups are indicated by the branching pattern. Black bars highlight nucleotideand protein-related processes. cells. We have previously shown that cisplatin sensitivity in D. discoideum and in human cells is reduced by overexpression of the sphingosine kinase gene sgkA (sgkA OE ) or by deletion of the S-1-P lyase gene sglA (sglA Ϫ ) (13, 14, 26) . Current models propose that sphingolipid metabolism modulates the cisplatin response through second-messenger signaling (2) . Sphingolipid metabolism might also affect the permeability of various membranes, although previous studies indicate that cisplatin uptake in the mutants is indistinguishable from the wild-type uptake (27, 28) . If the sgkA OE and sglA Ϫ cells were resistant to cisplatin because they became insensitive to the drug, one would expect the mutant cell physiology to be unperturbed by the drug. We therefore compared the transcriptional profiles of the two mutants to those of the parental cells with and without cisplatin treatment (Fig. 2 ). The survival rates were similar to those reported previously (9, 13, 14) : no significant difference between the survival rates of the untreated strains (0 M) (Fig. 2 A) , a small but significant increase in the sglA Ϫ cell survival, and a large and significant increase in the sgkA OE cell survival compared with the parental cells after cisplatin treatment (300 M) (Fig. 2 A) .
Transcriptional profile analysis resulted in several observations (Fig. 2B) . First, the effect of cisplatin treatment was more significant than the effect of the mutations. All of the cisplatintreated samples (green clade, Fig. 2B ) clustered separately from the untreated samples (red clade, Fig. 2B ), regardless of the genotypes. This finding indicates that cisplatin treatment induces similar physiological perturbations in the wild type and in the S-1-P metabolism mutants, supporting the notion that the reduced cisplatin sensitivity is caused by alteration of a specific signaling pathway rather than by global drug insensitivity. Second, in the untreated cells, the transcriptional profiles of the two mutants were more similar to each other than to the profile of the wild-type cells (red clade, Fig. 2B ). This finding is consistent with the metabolic function of the mutated genes. Finally, we observed a high similarity between the transcriptional profiles of the wild-type and the sglA Ϫ cells in the cisplatin-treated group, whereas the sgkA OE profile was significantly different (green clade, Fig. 2B ). These findings are consistent with the survival data (300 M) (Fig. 2 A) and suggest that mutations in sgkA and in sglA have distinct effects on the cell. Importantly, the differences between the branches were always larger than the technical and biological differences between the replicate experiments, as indicated by the pairing of samples 1 and 2 under each condition.
Differential Gene Expression in Cisplatin-Resistant Cells. Wild type and cisplatin-resistant mutants exhibited similar transcriptional profiles (Fig. 2B) , but the cells were differentially resistant to the drug. Thus, we searched for transcriptional responses that could distinguish between the treated strains. We used the transcriptional information from Figs. 1 and 2 and performed an ANOVA using genotype (wild type, sglA Ϫ , and sgkA OE ) and treatment (0 M and 300 M cisplatin) as factors. We found 253 genes that distinguished the samples most significantly (P Ͻ 0.05), tested eight of the genes by RT-PCR, and confirmed the microarray results in six (SI Table 3 ).
Using the 253 genes to calculate the distances between the samples revealed that the most dominant factor in the difference between the samples was cisplatin treatment (Fig. 3A) . The largest distance in the dendrogram was between the untreated samples (red clade, Fig. 3A ) and the cisplatin-treated samples (green clade, Fig. 3A) . All of the wild-type samples clustered together and the sglA Ϫ samples were more similar to the wild-type samples than to the sgkA OE samples. These results are similar to the ones found by using information from all of the genes (Fig. 2) , supporting the above conclusions. The main difference between the dendrogram in Fig. 3A and the one in Fig.  2B was the clustering of the sgkA OE samples away from the other samples in the untreated conditions (red clades, Figs. 2 A and  3A) . These results support the notion that sgkA and sglA may have distinct roles in the regulation of S-1-P levels.
We analyzed the annotations of the 253 genes using GOAT as described in Fig. 1D . Again we found genes involved in protein biosynthesis and nucleotide metabolism, but we also found genes involved in amino acid metabolism and in cell proliferation (e.g., the cytokinesis gene spkA1 and the cell proliferation regulator aprA) (Fig. 3B and SI Table 6 ). These results are consistent with results from genetic screens in yeast (24, 25, 29) and from transcriptional profiling of human cells (30) (31) (32) , increasing the confidence in our findings.
Comparing the Gene Ontology (GO) annotation analyses (Figs. 1C and 3B ) reveals that nucleotide metabolism and protein biosynthesis are common to both analyses whereas cell proliferation genes were enriched only after considering mutations in sphingosine metabolism genes (Fig. 3B ). This suggests that transcriptional regulation of nucleotide metabolism and protein synthesis genes is part of the general drug response, whereas regulation of cell proliferation is unique to the mutants and may be part of the response that allows the mutants to resist cisplatin treatment. The latter notion is consistent with the known effects of sphingosine metabolism on cell proliferation (13) . Tables 7  and 8) . One of the genes was sgkB, which has a known effect on The similarity between each sample and every other sample was determined, and the data are displayed as in Fig. 1 A. The different strains are indicated by different color text, and the two independent replications are indicated (#1 and #2). Confidence levels from bootstrap analysis were Ն0.98 for each join.
Identification of New Regulators of Cisplatin Sensitivity. Our analysis revealed several hundred cisplatin response genes (SI
the cellular response to cisplatin (14) , supporting the notion that the genes we found have causative roles in the cisplatin response. We selected four additional genes to test that possibility. We chose the genes only on the basis of mutant strain availability, so they can be considered as randomly chosen. The csbA Ϫ (33), acbA Ϫ (34), and atg8 Ϫ (35) strains were selected from the list of 472 genes (Fig. 1) , and the smlA Ϫ (36) strain was from the list of 253 genes (Fig. 3) . csbA Ϫ and acbA Ϫ cells (AX4 background) and smlA Ϫ and atg8 Ϫ cells (DH1 background) were tested for survival under various cisplatin concentrations in comparison with the respective parental strains. In the AX4 background, the most significant results were found at 300 M cisplatin. Inactivation of csbA reduced drug sensitivity, but the statistical significance was marginal (t test, P ϭ 0.064) (Fig. 4A) . Inactivation of acbA significantly increased the cisplatin sensitivity (t test, P Ͻ 0.05) (Fig. 4A) . In the DH1 background the most significant results were found at 75 M and 150 M cisplatin. Inactivation of smlA reduced drug sensitivity, and inactivation of atg8 increased drug sensitivity (t test, P Ͻ 0.05 for both) (Fig. 4B) . Therefore, three of the four genes found by microarray profiling have effects on cisplatin sensitivity, lending significant credibility to the microarray study.
Discussion
The completion of the D. discoideum genome sequence enabled the global analyses of gene function using insertional mutagenesis and transcriptional profiling with microarrays (37, 38) . The latter is a surrogate measure of cell physiology and an indicator of differences between mutant strains (15) (16) (17) (18) (19) (20) . Recently, the organism has been used as a model for drug target discovery using genetics and genomic approaches (1, 2). The small genome, the precisely controlled growth conditions, and the fact that isogenic mutant and wild-type strains differ by single mutations make this organism ideal for microarray analyses. These advantages are confirmed by the reproducibly of our microarray data and the ultimate discovery of functional genes.
Our study shows that the response to cisplatin is programmed and tightly regulates a specific set of genes. These findings are significant because previous work in mammalian cells has indicated that cisplatin can cause both apoptotic and necrotic cell death and that the latter is associated with chaotic gene expression (21, 39) .
Comparison of the mutant and parental strains indicates that the mutations did not confer total immunity to the drug, because the mutants retained most of the physiological responses of the wild type. These data support the idea that the mutations affect specific signaling pathways and suggest new pathways that are involved in the cisplatin response and can be targeted to improve efficacy. The 253 genes were GO-annotated, and the biological process annotation of significantly enriched groups is shown as described in Fig. 1C . Black bars, nucleotide-and protein-related processes; red bars, cell proliferation. Comparing the response of the sgkA OE and sglA Ϫ cells to each other reveals that the mutants have distinct transcriptional responses to cisplatin despite the fact that both genotypes regulate S-1-P levels (2, 40) . These data are consistent with the biochemical properties of the pathway. The sgkA OE strain generates S-1-P constitutively, thus depleting the ceramide pool, whereas the sglA Ϫ mutation blocks S-1-P degradation and the resulting consumption of sphingosine and ceramide (2, 40) . Therefore, the different transcriptional profiles reflect the biochemical differences between the mutants. This type of analysis could be extended to other mutants known to effect cisplatin sensitivity such as the cAMP phosphodiesterase regA (9) .
The identification of Ͼ600 cisplatin response genes confirms the idea that the cellular response to cisplatin is multifaceted, and it is consistent with the many genes and proteins that underlie cisplatin resistance in human tumors (5) . Even a 2-fold increase in resistance can be fatal in humans undergoing chemotherapy because cisplatin is used near its toxic threshold. Thus, the identification of new targets that can increase cisplatin sensitivity is of clinical interest. The genes discovered in our study fall into several functional groups including nucleotide metabolism, protein metabolism, and regulation of cell proliferation. These functions have also been implicated by genetic screens for cisplatin resistance in yeast (24, 29, 41) and by transcriptional profiling of human cells (30) (31) (32) . These correlated findings, made in organisms from three different taxa (7), suggest that some of the cisplatin response mechanisms are conserved between D. discoideum and humans.
One of the distinct advantages of working with D. discoideum is the public availability of mutants (http://dictybase.org). We found five mutations in cisplatin response genes in the mutant collection. sgkB is a sphingosine kinase gene that we have already described as having a role in cisplatin resistance (14) , and we now find that three other genes (acbA, atg8, and smlA) also had altered cisplatin sensitivity. Interestingly, acbA encodes an acylCoA binding protein, which is involved in sphingolipid metabolism and in developmental intercellular signaling, including the regulation of long-chain base sphingolipid by the yeast homolog Acb1p (34, (42) (43) (44) . atg8 participates in the regulation of autophagy, a process in which cells use internal organelles and macromolecules as a source of nutrients and energy and in which conjugation to phosphatidylethanolamine plays a key role (35, 45, 46) . smlA participate in aggregate size regulation (47, 48) . Therefore, acbA, atg8, and sgkB are linked to sphingolipid metabolism, which is involved in regulating sensitivity to cisplatin in both D. discoideum and human cells (2).
This study continues to establish D. discoideum as a model system for understanding the biochemistry underlying the sensitivity to cisplatin and other chemotherapeutic drugs and for the discovery of novel drug targets that could improve the efficacy of existing drugs. Some of the genes and pathways we found have been associated with cisplatin resistance before, and others represent targets that should be examined in human cells. Specifically, the identification of altered cell proliferation genes in the mutant strains improves our understanding of the mechanisms by which sphingolipids regulate cisplatin sensitivity. Tumor cells and cancer cell lines are notoriously genetically complex and unstable. D. discoideum allows us to discover new drug targets and cisplatin resistance pathways and to test them in a genetically defined system. The similarity between the cisplatin responses of D. discoideum and human cells promises that findings in this system would be translatable to human health.
Materials and Methods
Strains and Cell Growth. The strains used are described in Table 1 . Cells were grown in shaking suspension in HL5 medium (49) with the appropriate supplements for auxotrophy or drug selection.
Drug Treatment, Viability, and RNA Collection. Cisplatin (SigmaAldrich, St. Louis, MO) was dissolved in PT buffer (3 mM NaCl/1 mM sodium phosphate, pH 7.4) immediately before use and protected from light. Concentration was adjusted by spectrophotometry at 220 nm by using an extinction coefficient of 1.957 mM Ϫ1 ⅐cm Ϫ1 (50). Exponentially growing cells (2 ϫ 10 6 cells per milliliter) were divided into 12 50-ml aliquots in 500-ml flasks. The cells were shaken for 30 min, 300 M cisplatin was added to six cultures (PT buffer was added to the six controls), and the cells were shaken for 3 h at 22°C in the dark. Samples were assayed for viability (51) , the remaining cells were washed with PBS and resuspended in 1.0 ml of TRIzol reagent (Life Technologies, Gaithersburg, MD), and RNA was extracted.
Microarray Experiments, Normalization, and Multiarray Scaling. Microarray experiments were performed as described (19) . A two-color assay was performed: total RNA was reversetranscribed with a fluorescent oligo(dT) primer, and a reference sample (total RNA pooled from several developmental time points of wild-type cells) was labeled with a second fluorophore. The samples were cohybridized to a microarray of 5,669 unique targets (Gene Expression Omnibus accession no. GPL5382) (19) . Bioconductor software was used to normalize each microarray (52) . Multiarray scaling was performed as described (16, 18, 19) . We performed three kinds of replication for each sample. Each hybridization target was printed twice on the array for single-chip normalization. For technical variation, RNA samples from each experiment were hybridized to at least five arrays (technical replication). For biological variation, each treatment (with or without cisplatin) was repeated twice for each mutant and six times for the wild type (biological replication). The data are available in the Gene Expression Omnibus (accession no. GSE8287).
Dissimilarities Between RNA Samples. To calculate dissimilarity, we averaged the technical replications and calculated the distances between the samples (18) . Pairwise Euclidean distances were calculated by converting the 5,669 row by n samples matrix to a 5,669 ϫ n vector. Distance calculation, followed by averagelinkage clustering, was performed by using the software package R. The results were visualized as dendrograms, and the confidence was calculated by bootstrapping (53) .
Detection of Differently Expressed Genes. In the case of wild-type cells, ANOVA was performed by using biological replication (P Ͼ 0.05), technical replication (P Ͼ 0.05), and treatment (P Ͻ 0.05) as factors. In addition, contrast analysis was used to find opposite patterns in the treated and untreated samples (19) . Two gene lists were obtained, and the overlap between them was determined. Analysis of GO annotations of the gene lists was carried out by using GOAT (23) .
To find the differential transcriptional responses to cisplatin between wild type and mutant cells we performed ANOVA with genotype (P Ͻ 0.05), treatment (P Ͻ 0.05), and technical replication (P Ͼ 0.05) as factors. Hierarchical clustering on the resulting gene list and GO analysis were done as described above.
The gene expression differences were confirmed in at least two biological replications by quantitative RT-PCR and repeated three times as described (54) .
Cell Survival. Cells were incubated in shaking suspension in 2 ml of HL-5 medium in triplicates with 0, 75, 150, and 300 M cisplatin for 24 h. Cell viability was tested by clonal plating in 24-well plates (51) . The cell cultures were serially diluted in 10 mM NaCl, 10 mM KCl, and 2.7 mM CaCl 2 , and 15-l aliquots were mixed with stationary-phase Klebsiella aerogenes plated on 1 ml of SM agar in each of the 24 wells. The plates were incubated at 22°C, and the plaques on the bacterial lawn (viable cells) were counted.
